Introduction {#S0001}
============

Since their introduction in 1956, the pressurized metered-dose inhaler (pMDI) has been the dominant method of treating respiratory diseases such as asthma and chronic obstructive pulmonary disease (COPD). According to the IQVIA database (Durham, NC), in the 12 months to June 2019, there were over 480M packs prescribed, equating to 2400 doses taken every second somewhere in the world ! When originally developed, they utilized chlorofluorocarbon (CFC) propellants. However, due to their effect of depleting stratospheric ozone, the industry invested hundreds of millions of dollars in replacing pMDI products with alternative, non-ozone-depleting hydrofluorocarbon (HFC) propellants, as well as developing novel delivery systems such as dry powder inhalers (DPIs) and soft-mist inhalers (SMIs).[@CIT0001] Nonetheless, the pMDI still accounts for two-thirds of all doses prescribed.

However, the industry now faces a similar challenge because of concerns over global warming.[@CIT0002] The Intergovernmental Panel on Climate Change (IPCC), the United Nations body that assesses the science related to climate change, has attributed much of the rise in global temperatures to anthropogenic sources of the emission of "greenhouse gases", which include the HFC propellants used in pressurized metered-dose inhalers (pMDIs). These gases can survive for long periods in the upper atmosphere allowing solar radiation to penetrate to the earth's surface, but trapping reflected emissions and re-radiating the energy back towards the earth.[@CIT0003]

Climate change carries with it many risks, including catastrophic weather events, famine, adverse health outcomes and displacement of whole communities.[@CIT0004] As a consequence, it is increasingly at the forefront of public and political discussions, so whether it is from customers, regulators or environmental pressure groups, the industry once again faces the question of how best to respond. The choices are to do nothing and allow usage to dwindle over time, undergo a reformulation exercise once again, or to move the market into dosage forms with lower global warming potential (GWP). Each has potential consequences. pMDIs are inherently cheaper to produce than DPIs today, so payors may not be able to afford to switch patients into DPIs. However, the cost of propellants will rise as other non-medical uses of HFC decline, and so they will become less profitable. Nonetheless, not all patients are necessarily suited to using a DPI, so the need for pMDIs is likely to remain. If so, there remain technical questions over how they might be reformulated. This paper considers each of these factors in proposing a call for action to the industry.

Regulatory Environment {#S0002}
======================

Through the highly successful operation of the Montreal Protocol, the emissive use of CFCs has ceased for most uses, including in pMDIs. This has not only had positive impacts on stratospheric ozone levels; the effect of switching to HFCs with lower GWP than CFCs ([Table 1](#T0001){ref-type="table"}) has reduced the emission of greenhouse gases by the equivalent of 11 GTonnes CO~2~ per year, an amount similar to the annual emission of carbon dioxide produced by burning fossil fuels to generate heat and electricity at the start of this decade. This remains the single biggest initiative to reduce greenhouse gas emissions.Table 1Properties of Some Fluorinated Aerosol PropellantsPropellantFormulaOzone Depleting PotentialGlobal Warming Potential (CO2 = 1)B. Pt ^o^CDensity g/mLViscosity cPDipole Moment DebyeSolubility of Water in Propellant ppmCFC 11CFCl~3~14,66023.71.490.430.45100CFC 12CF~2~Cl~2~110,800−29.81.330.260.5190HFC 134aCF~3~-CFH~2~01,300−26.21.230.212.062,200HFC 227aCF~3~-CFH-CF~3~03,350−16.51.410.261.46610HFC 152aCF~2~H-CH~3~0138−24.70.910.242.262,200HFO1234ze(E)CF~3~CH=CHF0\<1−18.91.290.201.44225

It has been estimated that in 2014, HFC emissions from MDIs represented only 0.03% of annual global greenhouse gas emissions.[@CIT0005] Nonetheless, its uses are regulated as part of a basket of fluorinated gases (so-called "F-gases") which also include perfluorocarbons, sulphur hexafluoride and nitrogen trifluoride. The European Union had already begun to regulate their use as early as 2006, with members implementing a 10% reduction from 2015 and at least a 40% reduction from 2018 (see [Figure 1](#F0001){ref-type="fig"}).[@CIT0006] However, certain uses were exempted from this phase down, including HFC propellants used in pMDIs. By 2015, over 90% of the global F-gas emissions were attributed to HFCs, so given its success in transition from CFCs to HFCs, an amendment was passed to the Montreal Protocol in Kigali in 2016 to manage the phase-down of HFCs, which has so far been ratified by 65 countries.[@CIT0007] The Kigali Amendment entered into force on 1 January 2019, and, and commits each party to phasing down the total emissions of F-Gases over the next 30 years, individual country targets varying across the globe ([Figure 1](#F0001){ref-type="fig"}). Under Kigali, the remainder of the Western World (Article 2 countries) have reduced emission targets that began in 2019; the targets for Article 5 countries begin in 2029.[@CIT0008]Figure 1Phase down of HFC use under the EU F-gas regulations[@CIT0006] and the Kigali amendment to the Montreal Protocol[@CIT0008].

By 2015 over 90% of F-gas contributions to greenhouse emissions were HFCs. However, the majority were used in refrigeration or air conditioning applications, aerosol usage accounting for less than 10%. Thus, the emissive use of pMDIs contributed only 2.3% of the F-gas contribution to greenhouse emissions.[@CIT0002] Nevertheless, demand for pMDIs and other aerosols will grow with increasing population and disease prevalence. This has been modelled under a business-as-usual scenario by the UN Technical and Economic Assessment Panel.[@CIT0009] The panel project that contribution to the greenhouse gas emissions from the Western World could grow to about 15% of the total HFCs by 2035 as other uses are eliminated.[@CIT0002] With a delayed phase-down, the corresponding proportion for emerging economies, plus countries such as India and China would still be only around 3% at this time. Whilst there is obvious uncertainty in projecting out so far into the future, use of HFCs in pMDIs is unlikely to be greatly affected by the timetable for the overall phase-down of HFCs under the Kigali Amendment. Thus, the pharmaceutical industry would appear to have sufficient time to observe the situation and decide upon a course of action.

Environmental Pressures {#S0003}
=======================

Few can be unaware of the position that environmental pressure groups take on this issue. In response, national governments are introducing targets that may be more restrictive or faster than the regulations dictate. For example, the UK Government's Environmental Audit Committee has set the UK National Health Service (NHS) the challenge of reducing the GWP impact from inhaler use by 50% before 2028.[@CIT0010] However, such views may not address the needs of individual patients.[@CIT0011] The United Kingdom has a high proportion of inhaled medicines as pMDIs, which contribute an estimated 3.9% of the carbon footprint of the National Health Service. In turn, the UK National Institute for Health and Care Excellence (NICE) published a Patient Decision Aid on asthma inhalers in 2019 that emphasizes carbon footprint as a criterion in the choice of inhaler, thereby favoring a switch to DPIs or re-usable SMIs.[@CIT0012] However, there are many other ways in which the environmental impact of inhaler use can be reduced, including improved disease control and increased recycling.[@CIT0013]

Furthermore, the pharmaceutical industry and their suppliers are increasingly conscious of their corporate social responsibility and are committed to reducing carbon emissions across their operations. GlaxoSmithKline (GSK) have calculated that 28% of their entire carbon footprint derives from patient use of their inhalers.[@CIT0014] GSK also reported that the lifecycle carbon footprint of their DPIs (Diskus^®^ and Ellipta^®^) is 24 times lower than pMDIs, whilst an analysis of a Chiesi pMDI and equivalent DPI suggested only a 12-fold difference.[@CIT0015] It should be noted that some companies will gain commercial advantage from a switch to DPIs, which may lead to a commercial motivation behind some publications.[@CIT0016] Furthermore, carbon footprint is only one aspect of environmental impact; it has been estimated that DPIs may have greater impact than pMDIs on human toxicity, marine eutrophication and fossil fuel depletion.[@CIT0017] In response, two companies (AstraZeneca and Chiesi Farmaceutici) have announced commitments to launch next generation pMDIs containing low-GWP propellants by 2025.[@CIT0018],[@CIT0019] These developments may cause some surprise, given that, as discussed above, pMDIs only account for 0.03% of greenhouse gas emissions. However, it is interesting to note that both Starbucks and Disney have banned the use of plastic drinking straws, even although reportedly these only contribute a similarly small fraction of the total plastic in the environment.[@CIT0020] Given the Montreal Protocol was signed in 1987, but the first non-CFC pMDI was not launched until 1995, these targets may be ambitious, but it is very encouraging to see such initiatives. Every journey begins with a single step.

Price Pressures {#S0004}
===============

Given that new low-GWP products are still some years away, it is important to consider what else might be done, and whether a more immediate switch to lower-GWP DPIs is economically feasible. This could make the pMDI market less attractive in the future, reducing the likelihood that producers would invest in a new propellant. There has been a recent analysis of the cost to the National Health Service in England of a wholesale switch from using pMDIs (currently 85% of the doses in the whole of the UK from pMDIs and DPIs combined) into DPIs.[@CIT0021] This study concluded that there would be a £ 127M rise in prescribing costs per annum, representing around an additional 10% cost of respiratory therapy, if DPIs were prescribed in the same proportion of brands per drug class as in 2017. There was also an analysis performed suggesting there could actually be a cost saving if all patients were switched to the cheapest available DPI in that class of molecules. However, in cost-constrained times, it would be expected that doctors are already prescribing the lowest cost inhaler suitable for that patient, so this seems a highly unlikely scenario. Not every class of molecule resulted in a cost increase, and it was noted that these data did not translate to other healthcare systems across the globe.

To investigate the global economic impact of switching from pMDIs to DPIs, an analysis of prescribing data sourced from the IQVIA database was performed, using the moving annual average for the 12 months up to, and including, the end of June 2019. The analysis was performed for the Top 15 global markets by value, which together account for 90% of the global spend on respiratory drugs for asthma and COPD, looking at the following categories of drug:

• Short-acting β-agonist (SABA)

• Short-acting muscarinic antagonist (SAMA)

• Short-acting combination SABA/SAMA

• Inhaled corticosteroid (ICS)

• Long-acting β-agonist (LABA)

• Long-acting muscarinic antagonist (LAMA)

• Long-acting combination of LABA/ICS

• Long-acting combination of LABA/LAMA

• Triple combination of ICS/LABA/LAMA (triple)

• Cromones

The overall value that each of these classes represent is shown in [Figure 2A](#F0002){ref-type="fig"} from which it may be seen that LABA/ICS combinations dominate the global market followed by LAMA and ICS mono-products. In contrast, when one considers the breakdown by number of doses prescribed in [Figure 2B](#F0002){ref-type="fig"}, SABAs dominate accounting for over half of inhaled medication globally. The data for cromones were excluded from subsequent analysis, as they represent only 0.1% of the value of the respiratory market and 0.2% by volume, with over 90% of the usage being in Germany. Furthermore, as may be seen from [Figure 3](#F0003){ref-type="fig"}, in all of the markets analyzed, cromones are only available in pMDI format, so a switch is not possible.Figure 2Breakdown of drug class usage in the top 15 markets (**A**) by value and (**B**) by dose volume.Figure 3The proportion of inhaler doses delivered by pMDI.

For each drug class and country, the total value of the doses prescribed was divided by the total number of doses (pack size multiplied by unit sales) to obtain the average sales price (ASP). When soft mist inhalers (SMIs) were available, these were combined with DPIs to get a mean ASP for the entire non-pMDI inhaler market segment. Also, for pMDIs, the total number of doses for each class of medication was divided by 2, because these are almost all two puffs per dose. However, this assumption was not applied to relievers (SABA, SAMA and SABA/SAMA), as the instructions are usually take as needed, and so one puff per dose was assumed. It was then possible to calculate the net change in prescribing cost if all doses taken from a pMDI in that drug class were replaced by the average cost of a DPI dose. This was then expressed as a ratio of the shift in prescribing cost for that entire class of medication, including any nebulized drug products, in order to see the local country impact of a shift in practice for a particular drug class. These data are presented in [Table 2](#T0002){ref-type="table"}, together with the impact on the total respiratory drug costs for that market. In order to highlight key findings, those cases where the cost for a drug class increases by more than 10%, the text is marked in red, whilst if the drug costs drop by more than 10%, it is highlighted in blue. Where there are not equivalent products in both pMDI and DPI format, this is also indicated. In a fifth of instances, there are no pMDIs to replace, mostly LABAs, LAMAs and their combination ([Figure 3](#F0003){ref-type="fig"}), whilst in a similar proportion, there are not available DPIs as an alternative (mostly relievers). The total value of each market is also listed.Table 2The % Change in Prescription Costs to Switch a Drug Class from pMDI to All DPI at the Average Sales Price per Dose of the DPIUSAGermanyUKJapanChinaFranceCanadaSpainItalyBrazilIndiaAustraliaPolandRussiaPuerto RicoSABA114%147%290%132%213%171%566%304%277%**X**102%170%290%**X**105%SAMA**XXXXXXXX**N/A**X**101%**XXXX**SABA/SAMA**o**205%N/AN/A**X**596%**o**N/A**XX**121%N/A**XXo**ICS93%81%121%90%100%101%60%99%107%104%101%64%80%100%100%LABA**o**92%92%**oo**100%**o**107%99%**o**102%**o**95%95%**o**LAMA**ooo**100%**oooooo**148%**oooo**LABA/ICS111%91%85%102%100%97%88%92%100%100%102%89%93%99%117%LABA/LAMA105%**ooooooooo**147%**ooo**104%Triple100%155%148%**o**N/A142%**o**182%161%N/A152%**oX**N/A**oTOTAL**106%102%107%101%113%107%110%104%106%101%108%103%96%99%107%Total excl. relievers105%97%95%100%100%99%85%97%106%101%106%92%91%99%107%*Market size \$M\$24,774\$1394\$1,293\$1,280\$1,220\$894\$846\$751\$685\$335\$315\$314\$271\$219\$201*[^1][^2]

It can be readily seen from [Table 2](#T0002){ref-type="table"} that in every market, the drug costs would rise if SABA pMDIs were replaced with DPIs, except in Brazil, where there is no equivalent DPI registered. In only 2 of the remaining markets would the cost rise by less than 10%. Indeed, in Canada the salbutamol DPI is 6 times more expensive per dose than the pMDI. For the remaining medications used as reliever therapy, there are either no equivalent DPIs, or in Germany, France and India where an alternative to a SABA/SAMA pMDI exists, the cost of a switch would also be significantly higher. Any alternative to replace this usage in an economic fashion needs to address the extremely low price of this drug in pMDI products (ASP of \$0.01 per dose in the UK). The triple combinations exhibit a similar pattern, but at the moment only represent 0.3% of the total number of doses taken, so the impact today is minimal. However, this is a new class of drugs entering the market, and so will have increasing impact on budgetary considerations over the next few years, given that they already account for 2.5% of total spend ([Figure 2](#F0002){ref-type="fig"}).

In contrast, for the LABA/ICS combination which is the highest value class of drugs and the second highest in terms of number of doses, costs would only rise significantly in the USA and Puerto Rico. In 8 of the 15 markets costs would decrease, by more than 10% for the UK, Canada and Australia. This is probably due to the recent introduction of many new combinations from both innovator and branded generic companies.[@CIT0022] As predicted, the market for this class of drug has become more competitive with the total value declining over the last year ([Figure 4](#F0004){ref-type="fig"}). Of interest, the gap between the ASP for the pMDI and DPI has narrowed over the last 4 years, which if this trend continues, will result in less of a saving in a switch from pMDI to DPI in the future.Figure 4The evolution of the LABA/ICS market over the last 6 years. (Data labels indicate the Average Sales Price, ASP).

For the remaining drug classes, the situation is fairly neutral with little overall change in costs for a particular drug class. There are a few instances where costs will rise significantly on switching, such as ICS in the UK or LABA/LAMA combinations in India. Equally there are a few where the costs would drop significantly, such as ICS in Australia, Canada, Germany and Poland. Of more significance is the change to the overall prescribing costs. This will depend on the individual mix of drug classes in each country and what proportion of those are in pMDI format. The overall breakdown of pMDI use by country is shown in [Figure 5](#F0005){ref-type="fig"}. Solely in China would the overall prescription costs rise by more than 10%, although only in Poland and Russia would a DPI only treatment regime be cheaper. However, as noted above, much of the cost driver is from pMDIs used to deliver reliever medication. Therefore, [Table 2](#T0002){ref-type="table"} also includes an analysis of how costs would change if only the long-acting prophylactic therapies were switched to DPI. No country would see a rise in cost for these drug classes of more than 7%, whilst 8 of the 15 would see a drop in overall cost. Therefore, there are no financial barriers to switching patients into DPI therapies for long-acting drugs.Figure 5Proportion of inhaler doses delivered by pMDI in top 15 markets.

There are limitations to this approach. Firstly, the database has some issues when it comes to data collection, particularly in countries where there can be limited prescribing information available electronically. Furthermore, it does not capture devices supplied under tender, a common practice in emerging economies, especially for salbutamol. However, whilst the global numbers may underestimate the total number of pMDIs sold by over 25%, the cost analysis remains robust for most of the top 15 markets studied. The greatest uncertainty is likely to be for the Chinese and Indian markets, where accurate records are harder to establish. Also, China is unique in preferring nebulized therapy for ICS to DPI or pMDI; if all pMDI use were to be switched to nebulized drugs rather than DPIs, then the cost for that class would rise by 21% and the total cost of respiratory products would rise by 24% rather than 13% discussed above. The assumption that all preventer pMDIs are two puffs per dose, whereas reliever medication can be taken as one puff per dose may not hold in all markets, thereby influencing the calculation of ASP per dose. Lastly, these data project what might happen if every patient and every dose was switched, and so represents an extreme and currently unachievable situation. Nonetheless, it is clear that cost should not be a barrier to reducing carbon footprint for most classes of medication, but that there remains an issue with affordability when it comes to reliever medications, which unfortunately represent the bulk of HFC emissive use.

The Role of pMDIs in Clinical Practice {#S0005}
======================================

Each type of inhaler requires instruction in its use. Interventions to monitor and improve technique are varied, and have mixed success.[@CIT0023] Indeed, device switching has been shown to lead to poorer outcomes, leading to a recommendation that any device switch should be agreed with the patient.[@CIT0024],[@CIT0025] It has been concluded that in the light of currently available evidence, it would seem reasonable to restrict regular (preventer) inhaled medication to a single type of device (pMDIs or DPIs) whenever possible.[@CIT0026] Nearly all patients will have at least some familiarity with pMDIs from use with reliever medication, suggesting this might be the preferred option. For example, despite the high DPI usage, a recent study reported that Japanese patients may still prefer a pMDI to a DPI.[@CIT0027] Furthermore, there are clearly local factors which can influence prescriber choice, given that the proportion of inhaler doses (excluding nebulized) given by pMDI ranges from 34% in Japan to 88% in the US ([Figure 5](#F0005){ref-type="fig"}). Differing health policies, costs, health insurance issues, commercial aspects and prescribers' and patients' preferences can cause significant variation in prescribing practice, even within the European Union.[@CIT0028] Thus, to simply switch from pMDI to DPI will require a major change in prescribing practice, and will involve a significant investment in patient education.

For an effective switch, not only must an inhaler be affordable, it must be appropriate to the needs of the patient for whom it is prescribed. The DPI is prescribed globally for only 3% of the doses of SABAs, which are the mainstay of reliever medication today ([Figure 5](#F0005){ref-type="fig"}). This is large because the pMDI delivered dose is independent of inspiratory effort at a time when patients are struggling to breathe. Recently, the Global Initiative for Asthma have updated their guidelines to recommend either low dose inhaled corticosteroid (ICS) alongside a SABA, or as needed low-dose combinations of ICS with formoterol.[@CIT0029] Nonetheless, during an exacerbation, GINA guidelines still recommend the use of repeat doses of SABA, usually administered via a pMDI with spacer. It is not possible to determine how much SABA use is first-line therapy and how much is used in an acute situation. Nonetheless, given that the ASP for \~60 Bn doses of salbutamol dispensed annually across the globe is around \$ 0.06 per dose, and that for LABA/ICS is at least \$ 1.07 per dose ([Figure 4](#F0004){ref-type="fig"}), the cost to the payors of such a switch would run into tens of billions of dollars, at least doubling the total costs for respiratory drugs. Furthermore, the global initiative for chronic Obstructive Lung Disease (GOLD) guidelines for COPD regard stand-alone bronchodilators as central to symptom management and whilst long-acting bronchodilators are recommended for maintenance treatment, SABAs, with or without SAMAs are recommended to treat an acute exacerbation.[@CIT0030]

Arguments about the best inhaler for patients continue with studies advocating patients can use pMDIs effectively and others advocating that patients are able to use DPIs more effectively.[@CIT0031] The most appropriate inhaler should be identified for each patient to ensure optimal care. It is clear that the most common errors relate to breathing pattern rather than manipulation of the device, and such errors increase with age.[@CIT0032] For pMDIs the patient needs to coordinate the actuation of the spray with inhalation, for SMIs the relatively long duration of spray requires a slow inhalation, whilst for DPIs, an optimal dose of drug to the lungs requires a deep and forceful inhalation. There are groups of patients who struggle to generate sufficient inspiratory flows to get adequate delivery from a DPI. One review of the literature found values ranging between 19% and 78% of COPD patients unable to generate 60 LPM peak inspiratory flow (PIF).[@CIT0033] Indeed, it has been found that COPD patients unable to generate such a level of PIF when discharged from hospital following a severe exacerbation, were more likely than those with better lung capacity to readmit.[@CIT0034] In addition to the impact of disease, it is known that aging impairs the ability to inhale quickly; for example, increasing age and increasing disease severity in COPD independently reduce PIF through different DPIs.[@CIT0035] Similarly, DPIs do not have market authorisations for use in children under 4, due to their inability to generate sufficient inspiratory flow. Thus, there are groups of patients amongst the very young, very old and very ill, for whom DPIs are contra-indicated.

Should there be a loss of control on switching, this has both environmental and economic consequences. It has been suggested that the carbon footprint from excess healthcare use involving a hospitalization could equate to 6 months' use of a pMDI.[@CIT0018] It has also been estimated that for every 20% of the patient population experiencing treatment failure there would be an additional 4100 and 5223 exacerbations of COPD and asthma, respectively, per million population with associated hospitalization rates of 287 and 141 for COPD and asthma, respectively.[@CIT0036] So, combining these estimates, with 5.4M asthmatics and 1.2M COPD patients in the UK, a 20% failure rate would equate to 1700 exacerbations or the equivalent carbon footprint of 10,000 pMDIs.[@CIT0037] Given there were 53M pMDIs prescribed in 2019, the impact is negligible. From an economic standpoint, it has been estimated in the US that an asthma exacerbation costs \$ 3000, and a COPD hospitalization, \$9900.[@CIT0038],[@CIT0039] Applying the UK hospitalization rate estimates to the 24.7M asthmatics and 12.8M COPD patients in the US, would give rise to additional costs of \$ 39M, compared to respiratory drug costs of \$ 24Bn; again, an insignificant impact.[@CIT0040] Of course, this does not take account of social costs (days off work, school, etc.), which for asthma as a disease can amount to 3.5% of the medical costs.[@CIT0041] Nonetheless, based on these rough estimations and despite the individual human suffering, it would not appear that loss of control would be of major concern from an economic or environmental perspective.

Technical Solutions for pMDIs with Low GWP {#S0006}
==========================================

On the basis that pMDIs are required both from a clinical and an economic perspective, at least for reliever medication, there is a need to find a low-GWP replacement. Historically, to find replacements for CFCs, two consortia were formed from a number of pharmaceutical companies to generate a package of safety data on pharmaceutical grade propellants to meet regulatory requirements (IPACT I and IPACT II).[@CIT0042] HFC 134a was approved for use in pMDIs by the EU in 1994 and HFC 227ea in 1995, but it took a further decade to complete the phase out of CFCs in that region. At present, there is no equivalent initiative and no industry-wide approach to this problem. Whilst hydrocarbons and dimethyl ether are used in consumer and topical aerosols, both are very flammable, have potential cardiac side-effects and some have taste issues. There are also developments in valve technology to create a metering valve capable of using compressed gases such as CO~2~.[@CIT0043] Non-metered variants of this technology have recently reached the market.[@CIT0044] Not-in-kind alternatives, such as SMIs also address the issue of effort-independence. Several companies are pursuing this approach, including Boehringer Ingelheim, Merxin, Pharmaero and Well-Bridge. However, given their mechanical complexity, and the need to maintain a microbial-free environment, these would appear unlikely to meet the challenge of an affordable reliever medication.

This leaves only two potential alternate propellants for pMDIs with significantly lower GWP, HFO 1234ze(E) and HFC 152a (see [Table 1](#T0001){ref-type="table"}). The former is the more attractive from an environmental perspective, as it has the lowest GWP. HFO 1234ze(E) also appears closer to the HFCs 134a and 227ea in key physical properties (density, vapor pressure, moisture solubility, dipole moment). That may make the path to development faster if the materials and processes developed for HFC can be transferred directly across. However, as new propellants, it is extremely likely the Regulators will expect long-term human safety data to be collected before granting market authorization. This will undoubtedly be critical path activity. Given that neither is widely available in pharmaceutical-grade material, nor yet has a comprehensive inhalation safety data package, may make the projected launch date of 2025 a stretch target.

At present, HFO 1234ze(E) uses appear to be more focused on refrigeration and on novelty aerosols, such as party streamers. Although there are patent applications relating to its use as a medical propellant, there have been few publications on pMDI applications other than one or two academic research papers. There have also been some concerns expressed over its safety profile for inhaler use.[@CIT0045] However, it is known to be in active development, with product launches potentially possible in a similar timeframe to 152a below.

On the other hand, HFC 152a is well publicized to be in active development for applications in pMDIs.[@CIT0046] HFC 152a is used as a precursor in the chemical synthesis of polymers, and so is comparable in price to HFC 134a. Data on prototype formulations have shown good pharmaceutical performance despite a significant density difference between the propellant and most commonly prescribed respiratory drugs.[@CIT0047] Nonetheless, there may still be significant valve development required. Product chemical stability and compatibility with existing pMDI components also appear promising. Koura (formerly Mexichem Fluor) announced that the FDA has cleared the company's IND for Zephex HFA 152a MDI propellant, and the company plans to complete clinical trials of the propellant for safety and tolerability by the end of March 2020.[@CIT0048] Nonetheless, 152a has been associated with deaths of abuse caused by deliberate inhalation of this gas from consumer aerosols, but with the smaller fill weights in pMDIs, greater chemical purity and availability only by prescription, it remains to be seen whether this remains a risk from a medical product.[@CIT0049]

HFC 152a was also being considered alongside HFCs 134a and 227ea at the time of the CFC-transition but was not adopted at the time, possibly because the propellant is flammable, with a lower explosive limit (LEL) of 3.9% by volume in air at room temperature (isobutane is 1.8%). Unlike some ethanolic pMDI formulations, it does not cause flame extension from a standard flame test. Nonetheless, safe manufacturing processes for HFC 152a will still need to be developed. Given that many millions of aerosol cans are safely filled with isobutane, the technology exists to overcome this problem. Normally, a paste is filled into the can, a valve crimped on and then the cans pass out to an isolated explosion shed where an automated, highly ventilated gassing facility adds the liquefied propellant. Cold fill is not recommended for flammable aerosols, so to replicate this in pMDIs, ethanol could be used. However, not all drugs are compatible with ethanol due to formulation instability.[@CIT0050] Furthermore, it is also flammable with an LEL of 3%, so is likely to raise additional safety concerns if used with HFC 152a. To address the risks, batch sizes could be kept small, or mixing also moved to the explosion shed. As an alternative, one potential solution is to develop filling methods that involve dry powder dosing into the can; a particularly attractive approach is to use tablets which disperse into stable suspensions when the propellant is added.[@CIT0051] Apart from the obvious reduction in risk, this has the advantages that there are no issues of drug loss during filling, nor formulation instability due to the presence of ethanol, and it is readily scalable from pilot- to full-scale production.

Potential Commercial Drivers for Change {#S0007}
=======================================

The pharmaceutical industry has spent hundreds of millions of dollars in developing new formulations, device hardware, manufacturing processes and clinical data to support the phase-out of CFCs. In order to see a return on this investment, there is inevitable reluctance to repeat this process afresh. Furthermore, if the market is going to switch into DPIs, there may not be an opportunity to recoup further investment in a new pMDI entering a declining market. Apart from the environmental pressure groups and government mandated targets to reduce carbon footprints, some pharmaceutical companies who only have a DPI offering for a particular drug class will try to influence the market of the importance of GWP in device selection.

Nonetheless, there are other economic factors which will influence the market dynamics. Despite the regulatory environment, the biggest single factor which drove the timing of transition away from CFCs was the increasing price of propellant, and associated CFC components. As it became more expensive to manufacture CFC pMDIs than HFC, industry swapped and so the CFC pMDIs disappeared from the supply chain. It is highly likely that this will also drive the timing of a move to low-GWP pMDIs. HFC 134a propellant accounts for around 30% of the \$ 0.80 it costs to manufacture a pMDI.[@CIT0052] With fewer non-medical uses for HFC 227ea, the cost is 3--4 times that of HFC 134a, a gap that is currently widening as these industrial uses are replaced by propellants with lower GWP. Since pharmaceutical grade propellant is typically 2--4 Euro/kg more expensive than industrial, there may already be a strong commercial driver to seek an alternative to HFC 227ea.

There was also a warning of things to come. In the EU, the price of industrial grade HFC 134a rose rapidly towards the end of 2018 in anticipation of the 40% reduction in quotas (see [Figure 1](#F0001){ref-type="fig"}), peaking at a 5-fold increase compared to 2015 levels. This trend was largely reversed in 2019 due to imports of propellant from outside of the EU, which were allowed due to uncertainty whether the imports qualified for exemptions. It is anticipated this may be resolved within the EU, causing prices to rise once more. Under the Kigali Amendment, the 40% reduction is repeated across the Western World (Article 2 Parties) in 2025 ([Figure 1](#F0001){ref-type="fig"}). There are no exemptions under this protocol, and so it is highly likely that these 5-fold price increases will hold. Furthermore, as the industrial uses for these HFCs are switched to low-GWP alternatives, production will be switched from continuous to batch campaigns. As a consequence, there will be additional costs of underused assets, with increasing maintenance bills, and lower purchasing power on feedstocks like hydrogen fluoride, which all have to be amortized across the reducing tonnes made. Even if there are no other price rises, but propellant costs rise 6-fold in 2025, the cost to manufacture an HFC 134a pMDI would rise almost 3-fold to \$2.88, whilst that for a 227ea pMDI would rise almost 4-fold to \$5.40.[@CIT0053] Thus, 2025 would appear to be a tipping point for pMDI cost of goods in the Western World.

For long-acting drugs, there may be sufficient profit margin in the product price for a company to absorb much of the rise in cost of goods. Nonetheless, the potential magnitude of the saving by switching to a low-GWP makes re-investment an attractive proposition. Given Chiesi's current growth in annual sales and a quoted €350M investment, it can be calculated that even if they do not gain market share, they will see payback through propellant cost savings within 4 years.[@CIT0019] However, for reliever medication, where the ASP today is \$0.06 per dose, the profit margin will be more than completely eroded. Most likely, the cost of drugs will rise in line with the estimated cost of switching to DPIs ([Table 2](#T0002){ref-type="table"}). Alternatively, suppliers in Asia and the Far East, where propellant price increases under Kigali start much later, will need to gain Market Authorizations for their products in the Western World. Of course, this simply delays the problem, as ultimately propellant prices will rise in these countries as well. Today, salbutamol dominates the market, with over 90% of all SABA doses. It is supplied by GlaxoSmithKline and Teva (together providing over 4/5 in the Western top 15 markets), who together with Mylan and Novartis account for over 90% of salbutamol pMDIs. It would be an act of corporate social responsibility and sound commercial sense for at least one of these major companies to ensure a continuing supply of reliever inhalers with lower GWP and similar price to that of today. Capturing a much larger proportion of the reliever medication market based on an ability to keep prices low represents a tremendous advantage. Furthermore, because the volume of SABAs to be manufactured is at least 5 times that of any other drug class, economies of scale will transfer into lower cost of goods of any other pMDI product produced by that company.

Conclusions {#S0008}
===========

The emissive use of HFCs as propellants in pMDIs is regulated under the Kigali Amendment to the Montreal protocol. It is only one of many uses of F-gases impacted by the phase-down, and as such would not appear to be greatly impacted by the phase-down targets, at least for the next 15 years. However, pressures to reduce carbon footprint, together with the highly probable increase in cost of medical grade propellant in the Western world may force a re-evaluation of treatment regimes. For any change to occur, it must be both clinically and economically feasible. Many patients can use DPIs successfully, and for most classes of drugs, there will be little change in prescription costs. However, not all patients can use DPIs, notably the very young, very old and those undergoing an acute exacerbation. Reliever medication presents a particular challenge, as DPIs are not recommended, and there is every possibility that prices will have to rise by 2025. In many markets, this may make this life-saving medicine unaffordable for the poorer communities.

Thus, there is a clear need for alternatives to the current reliever pMDIs that are both affordable and with a lower GWP. The most promising option in the near-term is to reformulate salbutamol with either HFC 152a or HFO 1234ze(E). Not only will this ensure continuity of affordable care, there are sound commercial reasons for a company to make this investment. Two companies have made this commitment, but neither currently have a strong presence in reliever medication. For them, or other companies, now is the time to act; 2025 is not far away in terms of product development timescales and the climate cannot wait.
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[^1]: **Notes:** Drug class abbreviations (SABA, SAMA etc) as defined in the text: Red text indicates a greater than 10% cost increase, blue text a greater than 10% cost reduction: Text in italics denotes the overall size of the respiratory drug market in that country.

[^2]: **Abbreviations:** X, no equivalent DPI; o, no MDI to replace; N/A, no drugs in class in inhaler on market.
